Abstract Tumor cells utilize inappropriate epithelialmesenchymal transition (EMT) mechanisms during the invasive process. It is becoming increasingly clear that estradiol (E2) induces breast cancer cell progression and enhances EMT; however, the mechanisms associated with this are unclear. We investigated the role of E2 on the expression and intracellular localization of the tight junction (TJ)-associated proteins, zonula occluden 1 (ZO-1), ZO-1-associated nucleic acid binding (ZONAB), and occludin, on the activation of cSrc and human epidermal growth factor receptor 2 (HER2) expression and cellular migration in the estrogen receptor (ER)-positive breast cancer cell lines, MCF-7 and T47D. We
Introduction
Breast cancer is a major cause of cancer-related deaths for women, and its treatment is particularly difficult when metastasis occurs [1] . In many countries, deaths due to breast cancer are mostly associated with metastatic disease [2] . Epithelialmesenchymal transition (EMT) has been proposed as an essential early step in tumor metastasis and breast carcinoma progression. EMT can induce cell migration and confer invasive properties to cells, allowing them to be disseminated and reach distant organs [3] . Despite their importance, the molecular mechanisms of EMT during tumor progression are not fully understood. EMT is also known to disrupt cell-cell contact as tight junctions (TJs) disband. The loss of apicobasal cell polarity is also characteristic of EMT and permits intermingling of apical and basolateral membrane components. EMT is regulated by a complex network of signaling and gene regulatory pathways, associated with transcription factors, which result in decreased intercellular adhesion and enhanced cell migration [4] . The zonula occluden 1 (ZO-1) and the ZO-1-associated nucleic acid binding (ZONAB) proteins are among the transcription factors closely related to EMT and are components of TJs in breast epithelial cells. In addition to their roles in associating transmembrane proteins with the actin cytoskeleton, they are involved in the induction of human epidermal growth factor receptor 2 (HER2) expression [5] . HER2 is a protooncogene that is overexpressed in approximately 15 % of breast cancers.
It was recently found that estrogen induces cell motility and invasion of estrogen receptor (ER)-positive breast cancer cells [6] by promoting simultaneously reversible EMT-like changes and motility [7, 8] . Despite the classical mode of action of estradiol, it has been implicated in a rapid non-genomic signaling cascade involving ER interaction with the non-receptor tyrosine kinase c-Src, which activates the phosphatidylinositol-3 kinase/Akt pathway [9] . It has also been reported that c-Src is an important adapter protein between extranuclear ERs and HER2, allowing for cross talk pathways in cancer cell lines [10] .
It has been demonstrated that high expression and/or activation of c-Src can promote EMT associated with breast cancer cell invasion [11] . As shown by Hsia et al. [12] , a probable mechanism by which cSrc promotes invasive behavior is through formation of a transient complex with focal adhesion kinase (FAK), another protein tyrosine kinase [12] . Some evidence suggests that TJ protein phosphorylation plays an important role in the regulation of cell-cell adhesion [13, 14] . It is worth noting that occludin and CRB3, intercellular binding proteins, have been used as epithelial and polarity markers in EMT studies [15, 16] . In our study, to understand the complex process of tumor progression, we attempted to demonstrate that estradiol induces EMT-associated mechanisms, including c-Src phosphorylation, p-Src/ZO-1 complex formation, ZO-1/ZONAB nuclear translocation, increased permeability, downregulation of occludin and CRB3 expression, increased N-cadherin expression, and motility of breast cancer cells, through a novel pathway involving TJ proteins.
Materials and Methods

Reagents
Dulbecco's modified Eagle's medium (DMEM), antibiotics, and antimycotics were purchased from Life Technologies (Gaithersburg, MD). Fetal bovine serum (FBS) was purchased from Gibco BRL (Gaithersburg, MD). The RNA extraction kit RNeasy® was purchased from Qiagen (Valencia, CA). Reverse transcription and polymerase chain reaction (PCR) reagents were purchased from Promega (Madison, WI). Bradford reagent was purchased from BioRad (Hercules CA). 17β-Estradiol and cytosine β-D-arabinofuranoside hydrochloride, a selective inhibitor of DNA synthesis that does not inhibit RNA synthesis, were purchased from Sigma-Aldrich (Saint Louis, MO). The ER antagonist ICI 182,780 was purchased from Tocris (Ballwin, MO). Antibodies against cSrc (SC-5266), p-cSrc (SC-81521), CRB3 (SC-27901), histone H1 (SC-10806), occludin (SC-81812), ZO-1 (SC-10804), and MSY3/4(F19) (SC21318) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against HER2/ErbB2 (D8F12/4290P) were obtained from Cell Signaling Technology (Beverley, MA, USA). All reagents we used were of the highest purity available.
Cell Culture
We used MCF-7 and T47D human breast cancer cell lines that are positive to ERα, ERβ, and HER2. MCF-7 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA), and T47D was kindly provided by Dr. Juan Pedro Luna Arias (CINVESTAV, Mexico City, Mexico). Cell cultures were seeded at a density of 150,000 cells/cm 2 in DMEM containing 10 % FBS (Gibco BRL), 100 U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies, Inc). Cultures were incubated at 37°C/5 % CO 2 . For hormonal treatments, cells were cultured in phenol red-free DMEM containing 2.5 % FBS that was previously treated with charcoal-dextran (FBS-C). Cells were treated with vehicle (0.1 % ethanol), ICI 182,780 (100 nM), cycloheximide (CHX; 12.5 μg/mL), or 17β-estradiol (1 nM) for 0, 0.25, 0.5, 1, 3, 6, 9, 24, and 48 h.
Immunoblotting
Western immunoblotting was conducted as previously described [13] . Whole cell lysates were prepared using lysis buffer (50 mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5 % NP-40, 100 mM NaF, 0.2 mM NaVO 3 , 1 μg/mL aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL leupeptin). Cell homogenates were incubated at 4°C for 5-10 min and centrifuged (22,000×g, 4°C, 20 min). The concentration of proteins in the supernatant was determined by using the Bradford reagent (Bio-Rad). Whole cell lysates were separated by 10 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Invitrogen/Life Technologies). Membranes were probed with antibodies against ZO-1, ZONAB, occludin, c-Src, p-Src (Tyr 416), CRB3, Ncadherin, or HER-2 (1:1,000 dilution), at 4ºC, overnight. Membranes were then washed three times with Tris-buffered saline (TBS) supplemented with Tween 20 (TBS-T) and incubated with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Pierce, Rockford, IL) for 1 h at room temperature. Immunoreactive bands were visualized with ECL-Plus Western Blotting Detection Reagents (GE Healthcare).
Immunoprecipitation (IP) Assays
We conducted IP assays as previously reported by ClavijoCornejo [17] . Briefly, 2 mg of whole cell lysate was incubated with antibodies against p-Src or ZO-1 according to the manufacturer's instructions. Subsequently, 40 μL of protein A/agarose (1:1) was added and gently rocked overnight at 4°C, and the was mixture then centrifuged (12,000×g, 5 min, 4°C). The supernatant was removed and precipitates were washed with 500 mL of lysis buffer. 
Subcellular Localization of TJ Proteins
MCF-7 cells were treated with 1 nM estradiol (E2) for 15, 30, and 60 min. After treatment, nuclear and cytoplasmic proteins were isolated as previously reported by Clavijo-Cornejo [17] .
Total RNA Isolation and Reverse Transcription PCR (RT-PCR)
Total RNA was isolated from MCF-7 cells using an RNeasy Mini Kit (Qiagen), according to the manufacturer's instructions. We conducted RT-PCR assays using a one-step RT-PCR kit (Promega). We designed specific oligonucleotide primers with Primer Quest software. Primers were specific for the amplification of ZO-1 (sense, 5′-ATGGTGCGCTGAAAGA AG CA-3′; antisense 5′-AATTGGTTGTGGCTGCGC TT-3′), ZONAB (sense, 5′-TGCAGAAGCTGCCAATGT GA-3′; antisense, 5′-ATGAACCGGTCCCTGAAG TT-3′), occludin (sense, 5′-TTTCATTGCCGCGTTGGT GA-3′; antisense, 5′-TACAATGGCAATGGCCTC CT-3′), and HER2 (sense, 5′-GTG GGG CGC CCC A GG CAC CA-3′; antisense, 5′-CTT AAT GTC ACG CAC GAT TTC-3′) fragments. We reported expression levels that were relative to the expression level of the reference gene β-actin (sense, 5′-GTG GGG CGC CCC AGG CAC CA-3′; antisense, 5′-CTT AAT GTC ACG CAC GAT TTC-3′).
Wound Healing Assays
As reported by Sanchez et al. [6] , MCF-7 cells were grown to 100 % confluence. Cells were maintained in culture medium for 24 h before "wounding" (scratching), and then treatments (Vh, 1 nM E2 or 1 nM E2+100 nM ICI 182,780) were supplemented to wells during 4, 12, 24, or 48 h. Linear scratches (approximately 0.7-mm wide) were gently made with a sterile pipette tip across the culture surface; wells were then rinsed with PBS to remove debris. In order to show that wound healing is due to cell migration instead of E2-induced cell proliferation, cells were also incubated in the absence and presence of 100 μM cytosine β-D-arabinofuranoside hydrochloride, a DNA synthesis inhibitor, at 48 h of E2 incubation. For each condition, at least five pictures were taken with an inverted microscope (Carl Zeiss Axiovert 40 CFL) at 0, 4, 12, 24, and 48 h after scratching. The proportion of unrecovered wound area was calculated by dividing the unrecovered area after hormone treatment with the initial wound area at 0 h.
Statistical Analysis
We presented data as mean±SD for at least three independent experiments carried out in triplicate. We used GraphPad Prism Software to conduct Student's t test or ANOVA, as appropriate. Comparisons between groups were carried out using the Tukey-Kramer multiple comparison test. Differences were considered significant when P values were less than 0.05.
Results
E2 Induces c-Src Phosphorylation and p-Src/ZO-1 Complex Formation
Phosphorylation of Tyr 416 c-Src (p-Src) is involved in the highest activity of this enzyme; therefore, the effect of E2 on c-Src activation was tested in MCF-7 breast cancer cells. We observed a rapid 1.6-fold increase in p-Src levels after 15 min of incubation with 1 nM E2 (Fig. 1a) ; this was ablated by the addition of 100 nM of ICI 182,780. p-Src levels decreased after 30 and 60 min to those observed in vehicle-treated cells. Actin and total immunoreactive c-Src (total Src) levels were unchanged over the experimental period (Supplementary Fig. 1; S1) .
To ascertain the effect of estradiol in the formation of the Src/ZO-1 complex in two ER-positive breast cancer cell lines, MCF-7 and T47D, immunoprecipitation assays were performed. Our IP assay results revealed that a 15-min exposure to 1 nM of E2 led to an increase in Tyr 416 p-Src/ZO-1 complex formation; this interaction was disrupted by ICI 182,780. The E2-dependent binding of p-Src to ZO-1 was observed in MCF-7 cells and, to a lesser extent, in T47D cells as compared with vehicle-treated cells (Fig. 1b) . MCF-7 cells were used to study the subcellular localization of p-Src/ZO-1 complexes after a 15-min E2 incubation (Fig. 1c) , and these were clearly observed at the plasma membrane. As expected, complex formation was disrupted when ICI 182,780 was used.
E2 Disrupts ZO-1 and ZONAB and Induces Nuclear Localization
In order to show that the E2-induced c-Src activation triggers ZO-1 and ZONAB translocation to the nucleus, changes in the localization of those proteins were performed by Western blot and immunolocalization assays. Treatment of MCF-7 cells with 1 nM E2 led to rapid ZO-1 and ZONAB nuclear translocation at 15 min of treatment. This translocation peaked at 60 min for ZO-1 ( Fig. 2a ) and 30 min for ZONAB (Fig. 2a) ; cytoplasmic content of each protein was diminished accordingly.
To confirm the effects of E2 on ZO-1 and ZONAB translocation, MCF-7 ( To further confirm TJ protein colocalization inside the nuclei of MCF-7 cells, we conducted a 3D reconstruction using confocal microscopy Zen software (LSM-780 NLO, Carl Zeiss) and Z-stack image capturing. We found that E2 induces nuclear localization of both TJ proteins (Supplementary Video 1; SV1), and vehicle treatment did not induce this effect (Supplementary Video 2; SV2).
E2 Regulates HER2 Expression by a Mechanism Independent of De Novo Protein Synthesis
We observed that HER2 mRNA levels increased (>70 %) at 3 h posttreatment with either 1 or 100 nM of E2 (Fig. 3a, b) . Thereafter, HER2 expression was decreased even below the levels observed for vehicle-treated controls after longer periods of incubation (6-24 h). Similar results were observed when MCF-7 cells were incubated with either low or high E2 concentrations. Two concentrations of E2 were used because it has been reported that E2 can modulate HER2 expression in MCF-7 cells after short incubation periods, depending on E2 concentration [18] [19] [20] [21] [22] .
To demonstrate that increased expression levels of E2-induced HER2 were due to preexistent ZO-1 and ZONAB proteins of the TJ, MCF-7 cells were co-incubated with E2 and CHX. We did not observe differences in HER2 mRNA expression levels in the absence and presence of CHX, with 1 or 100 nM E2 (Fig. 3a, b) between 0.25 and 9 h of incubation, except at 24 h. At this point, HER2 mRNA levels were increased up to 250 % compared with CHXfree treatments. Immunolabeled HER2 proteins could be seen in the cytoplasm only after 24 h of E2 + CHX incubation and additional 24 h with CHX-free media (24/ 24 h in Supplementary Fig. 2; S2 ).
TJ Protein Expression Is Regulated by E2
E2 significantly increased ZO-1 (Fig. 4a, b) and ZONAB (Fig. 4c, d ) mRNA and protein expression levels after 6 and 9 h of E2 incubation, respectively. The mRNA levels were increased up to 200 % after 15 and 30 min of E2 incubation for ZO-1 and ZONAB, respectively; protein levels were increased after 9 h. In contrast, occludin mRNA and protein levels were decreased by 40 and 60 %, respectively, when MCF-7 cells were incubated with 1 nM E2 for 24 h (Fig. 4e, f) . proteins were observed when MCF-7 cells were incubated during 1 h, with 1 nM of E2. Signal intensities were quantified, normalized with actin (cytoplasmic fractions; white bars) or histone H1 (nuclear fractions; black bars), and expressed as percent of control groups (Vh; ethanol). In order to show that both ZO-1 and ZONAB proteins are colocalized inside the nuclei, confocal fluorescence digital images were taken in high confluence MCF-7 cells, when incubated with vehicle, E2 alone, or E2 + ICI (ER antagonist). E2 incubation decreases membrane localization of both proteins and increases their concentration inside the nuclei, an effect that was totally precluded by the incubation with ICI. In order to demonstrate nuclear colocalization of ZO-1 (FITC, green labeled) and ZONAB (rhodamine; red labeled), MCF-7 (c) or T47D (d) cancer cells were grown in high confluence and incubated in the absence and presence of 1 nM of E2. All images are representative of at least three different experiments.
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Estrogen Induces Changes in Epithelial and Mesenchymal Markers
It has been demonstrated that EMT is necessary for breast epithelial cancer cell tumor progression, including changes in cell morphology, loss or low expression of epithelial markers (e.g., E-cadherin, CRB3, occludin, etc.), and acquisition of mesenchymal markers (e.g., N-cadherin, vimentin, fibronectin, etc.) [23] . Thus, we evaluated the effects of E2 on CRB3 (a novel apical marker that plays a key role in tight junction regulation in different epithelial cells; Fig. 5a ) and N-cadherin (Fig. 5b) expression. Unexpectedly, we observed that E2 increased CRB3 levels by 2.4-fold after 24 h; however, this rapidly decreased to 50 % compared with vehicle-treated cells after 96 h. E2 progressively increased N-cadherin levels 3.2-fold after 48-96 h, peaking at 72 h. Immunofluorescent detection revealed the presence of CRB3 and N-cadherin at the MCF-7 cell membrane (Fig. 5c ).
E2 Promotes MCF-7 Migration In Vitro
We found that E2 modifies cell morphology and motility (Fig. 6a) . Confluent monolayers of MCF-7 cells were wounded and incubated with vehicle, 1 nM E2 or 1 nM E2, and 100 nM ICI 182,780 (100 nM) and the amount of wound repair was determined (Fig. 6b) . At 48 h, in the presence of E2, repair of the wounded cell culture was significantly accelerated (P<0.001). To show that wound repair was due to cell migration instead of cell proliferation, MCF-7 cells were incubated in the presence of 100 μM cytosine β-D-arabinofuranoside hydrochloride at 48 h after the addition of E2. Similar results were observed in the absence and presence of the DNA synthesis inhibitor (I). Taking together, we propose that during the incubation period, breast cancer cells moved forward and closed the gap; this effect was independent of cell division, as shown in Fig. 3 HER2 expression increased by short-time incubation with E2, independently of de novo protein synthesis. HER2 mRNA levels were measured in 0.25-h intervals and 3, 6, 9 or 24 h of incubation with low (1 nM; a) or high (100 nM; b) E2 concentrations (white bars). At 3 h of incubation with 1 nM E2, HER2 mRNA levels increased up to twofold in the absence and presence of the de novo protein inhibitor cycloheximide (CHX; 12.5 μg/ml, black bars) and decreased at 6 h of E2 incubation. Long-time incubations (9-24 h) with E2 increased HER2 mRNA, an effect that depended on de novo protein synthesis. There were no differences between low and high concentrations of E2. Results are expressed as percent of HER2/actin vs. control (Vh) cells (mean±SD). *P<0.05 vs. control. Representative images of at least three independent experiments are shown other studies [24] . We analyzed phenotypical changes around the wound area, including wound shape, MCF-7 cell morphology, intercellular separation, formation of pseudopodia, and cytoskeletal dynamics of F-actin (Fig. 6c) . We observed that E2 increased filopodia formation, and cells were interconnected by cytoplasmic extensions compared with vehicle-treated control cells, at 48 h, as observed in the ×3 magnification.
Discussion
It is well known that estrogens have an important role in motility, invasion, and distant metastasis of breast cancer cells [25, 26] . The effect of these hormones on EMT [27] [28] [29] is known; however, the mechanism(s) through which estrogens promote this process remain unclear. We were able to demonstrate that estrogen promotes TJ disruption, HER2 Fig. 5 Effect of E2 on CRB3 and N-cadherin expression. MCF-7 breast cancer cells were incubated with 1 nM of E2, during 12 to 96 h, and expression of the epithelial cell marker protein CRB3 (a) or the mesenchymal cell marker protein N-cadherin (b) was measured by Western blot analysis and compared to ethanol-treated cells (Vh). The incubation with E2 on CRB3 protein expression showed a biphasical effect, since CRB3 concentration increased at 24 h and decreased between 48 and 96 h of incubation. Results are expressed as percent of CRB3/actin or N-cadherin/ actin vs. control (Vh) cells (mean±SD). *P<0.05 vs. control. Representative images of at least three independent experiments are shown. c MCF-7 cells were cultivated at high confluence and thereafter incubated with either vehicle or E2 (1 nM) for 24 or 96 h. Both proteins were visualized by confocal microscopy and images were processed. CRB3 protein expression (red labeled; rhodamine) lowered at MCF-7 cell membranes (24 h) and almost vanished (96 h); on the other hand, N-cadherin expression (green labeled; FITC) gradually became more intense at cell membranes upregulation (probably due to ZO-1/ZONB nuclear translocation), and increases cell motility in breast cancer cell lines. We showed that estrogen rapidly induces c-Src activation via phosphorylation of Tyr 416, leading to the formation of the p-Src/ZO-1 complex at the cell membrane. This finding was consistent with previous reports showing that, in addition to its nuclear functions, ER also participates in extranuclear signaling events [30] . These events include the binding of ER beta to c-Src in prostate cancer cells [31] ; the ER-Src axis constitutes a critical pathway used by breast cancer cells in the development of resistance [10] .
We observed rapid c-Src activation following E2 treatment. The phosphorylation of c-Src is required for correct binding of c-Src to ZO-1, which was demonstrated in MCF-7 and T47D cells. This observation was in agreement with previous reports showing that formation of the c-Src/ZO-1 complex was related to increased paracellular permeability in MDCK cells. This mechanism involves disrupting protein-protein interactions within the multiple protein TJ complexes, including the displacement of ZO-1 and occludin from this complex [32] .
Supporting the mechanistic model of estrogen-dependent TJ protein displacement, we analyzed ZO-1 and ZONAB nuclear translocation and demonstrated that E2 increased levels of both proteins in MCF-7 nuclei. This correlated with their disappearance from the cytoplasm (Fig. 2a, b, SV1 and SV2). It has been reported that ZONAB and ZO-1 are part of a pathway by which TJs can regulate epithelial cell proliferation [33] . ZONAB is a Y-box transcription factor that binds to the ZO-1 SH3 domain and modulates the expression of genes encoding proteins involved in differentiation and cell proliferation in normal epithelial [34] and uveal melanoma cells [35] . Both proteins, after specific stimulus, localize in the nucleus and bind to specific promoters containing an inverted CCAAT box (Y-box). The Y-box is present in the promoters of genes encoding HER2 and several cell cycle regulators, which operate in a cell density-dependent manner [5, 36, 37] . Transepithelial resistance and paracellular permeability studies in human vascular endothelial (HUVEC) cell monolayers overexpressing ZO-1 and/or ZONAB demonstrated that the two proteins functionally interact at the HER2 promoter [38] , suggesting that they might be part of a signaling system that could regulate epithelial differentiation, proliferation, and paracellular permeability in normal and transformed cells.
We demonstrated that estrogen induces changes in HER2 expression, presumably signaling along the ZO-1/ZONAB pathway. The use of CHX confirmed that changes in HER2 content were not due to de novo protein synthesis, implicating that those proteins originated through the displacement of TJ proteins from cell membranes. We incubated MCF-7 cells with low (1 nM) and high (100 nM) concentrations of E2 (Fig. 3a, b) , with no apparent differences. It has been reported that estrogen can modulate ER alpha-induced HER2 expression in MCF-7 cells at 6-24 h of incubation, by interacting with ER beta in a dose-dependent manner [39] .
Breast cancer cell lines such as MCF-7 and T47D are ER alpha-positive and dependent on estrogen for growth. The potential role of ER beta remains unknown. It has been clearly demonstrated that two ER beta isoforms (splice variants ER beta 1 and ER beta 2) have anti-proliferative functions when introduced into ER alpha-positive breast cancer cells, and ER beta 2 negatively regulates the transactivation of estrogen receptor alpha in MCF-7 cancer cells [40] . This is either by inducing proteasome-dependent degradation of ER alpha or repressing ER alpha-mediated transcriptional activity when co-expressed with ER alpha [22] .
Another finding from our study was that estrogen upregulated ZO-1 and ZONAB in a time-dependent manner. To the best of our knowledge, estrogen response elements in the promoters of ZO-1 or ZONAB genes have yet to be reported. However, a mechanism has been described that supports our findings. Chen et al. suggested that Jun D regulates ZO-1 and ZONAB expression by forming the activator protein-1 (AP-1) transcription factor [41] . Their findings proposed the existence of a CREB site within the ZO-1 or ZONAB proximal promoter regions where AP-1 binds, inducing an interaction between ER and AP-1 and subsequent transactivation.
Estrogen significantly inhibits occludin expression at the mRNA and protein level after 24 h. This was consistent with previous reports showing that estrogens are able to regulate occludin expression through ER beta in intestinal epithelial cells [42, 43] . Sade et al. were the first to describe the occludin promoter and suggested tissue type-dependent expression. Occludin gene expression is augmented in brain endothelium and decreased in other endothelia in the presence of the same transcription factors, suggesting that ER beta might be a putative co-repressor in the occludin promoter [42] .
The augmented translocation rate of ZO-1 and ZONAB to the nucleus or the downregulation of occludin affects TJ stability and promotes the ability of MCF-7 cells to acquire mesenchymal-like phenotypes and motility. To show that MCF-7 cells have these features, we evaluated the effects of E2 on the expression of CRB3, a novel epithelial marker [15] , and N-cadherin, a mesenchymal marker. CRB3 is the human ortholog of the crumbs (CRB) protein and is required to establish the apical membrane, define the basolateral plasma domain, and has a fundamental function in the establishment of morphogenesis of 3D epithelial cell cultures [43] . CRB3 is a tumor suppressor during the transformation and progression of mammalian epithelial cells; its loss favors tumor cell growth, metastasis, and EMT [15, 44] . We found that E2 downregulates CRB3 expression in MCF-7 cells; therefore, it is possible that CRB3 could be used as a novel marker in EMT, and its role in breast carcinogenesis has just begun to be unveiled.
It is worth noting that E-cadherin levels were not measured because it has been extensively reported that E2 downregulates its expression in normal and tumorigenic breast epithelial cells [45] . We sought to study changes in the expression and localization of CRB3 (apical) and occludin (basolateral) as epithelial markers of EMT-associated processes, rather than the direct effect of E2 on the expression of these proteins. On the other hand, gradual increases of N-cadherin expression in these breast cancer cell lines were related to EMT-associated mechanisms, regardless of the E-cadherin expression [46] , and could be used as stage markers during invasion processes. Furthermore, it has been reported that Ncadherin expression correlates with invasion and motility, plays a direct role in promoting motility, and is involved in EMT and cancer cell metastasis [47] . There are contradictory reports on the effects of estrogen on N-cadherin expression in different cell models; in most cancer cells, it has been shown to negatively regulate N-cadherin induced by the ER signaling pathway [47] . We suggest that high N-cadherin levels initiate EMT but through a different method by which estradiol directly affects breast cancer cells.
In conclusion, we showed that rapid extranuclear signaling of the c-Src/ZO-1/ZONAB cascade is relevant for the generation of estrogen-dependent EMT-associated mechanisms and migration in MCF-7 cells. We have demonstrated how E2 possibly induces disruptions to TJ formation through c-Src activation; in turn, this leads to ZO-1 and ZONAB nuclear translocation, occludin downregulation, and HER2 transactivation. These changes correlate with the loss of epithelial characteristics, the acquisition of a mesenchymal phenotype, and estrogen enhances motility in ER-positive breast cancer cells, features that are required for breast cancer invasiveness and metastasis. We believe that our findings represent important clinical targets for developing new therapies against breast cancer progression before the onset of metastasis.
